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ABSTRACT

Multiple cytokines stimulate hepatic lipogenesis in rodents. We have
previously shown that lipogenic cytokines can be divided into 2 classes
by their mechanism of action and their synergistic interactions. We now
report the effects of interleukin 4, a cytokine known to inhibit the
synthesis and action of other cytokines. Interleukin 4 by itself did not
alter hepatic lipogenesis. However, interleukin 4 inhibited the character-
istic stimulation of hepatic lipogenesis that is seen with tumor necrosis
factor, interleukin 1, and interleukin 6. These 3 cytokines stimulate
hepatic lipogenesis by the same mechanism, increasing hepatic levels of
citrate, a key allosteric activator of acetyl CoA carboxylase, the rate-
limiting enzyme of fatty acid synthesis. Interleukin 4 blocks the ability
of tumor necrosis factor to increase hepatic citrate. In contrast, interleu-
kin 4 does not block the stimulation of hepatic lipogenesis by interferon-
a, a cytokine that increases hepatic lipogenesis by a mechanism other
than increasing hepatic citrate levels. These results demonstrate that
interleukin 4 can inhibit the metabolic action of selected cytokines, which
provides strong support for our proposal that lipogenic cytokines operate
through 2 distinct mechanisms of action and can therefore be divided into
2 separate classes based on their interactions. These results also empha-
size the multiple relationships between the immune response and lipid
metabolism.

INTRODUCTION

The host response to infection and cancer includes marked
disturbances in intermediary metabolism, such as hypertriglyc-
eridemia due to increases in serum VLDL? (1-4). These meta-
bolic disturbances are thought to be mediated by the cytokines
responsible for coordinating the immune response (5-8). Early
studies focused on the effects of cytokines on cultured fat cells.
TNF, IL-1, and the interferons decrease the synthesis of LPL
in cultured 3T3-L1 adipose cells (5-7). Decreases in LPL could
increase serum triglycerides by decreasing clearance of triglyc-
eride-rich lipoproteins.

However, recent data indicate that TNF increases serum
triglyceride levels in vivo by stimulating hepatic lipogenesis and
VLDL production, not by inhibiting adipose tissue LPL activity
and triglyceride clearance (reviewed in Ref. 7). TNF adminis-
tration to rats produces very little change in LPL activity in
adipose and muscle tissue, and TNF has no effect on triglyceride
clearance under conditions in which TNF produces rapid and
sustained increases in serum triglycerides (9-12). On the other
hand, TNF induces an increase in hepatic lipogenesis and
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VLDL production that is rapid enough to account for the rise
in serum triglycerides (11-14).

Therefore, our laboratory has focused on the regulation of
hepatic lipogenesis by cytokines. Using mice, we have demon-
strated that in addition to TNF, IL-1 and IFN-a stimulate
hepatic lipogenesis (15). The effects of these 3 cytokines are
rapid, occurring within 30 min and peaking within 2 h, but
extend for up to 17 h after a single administration. The concen-
trations required for TNF and IL-1 to stimulate hepatic lipo-
genesis are similar to those required to induce fever (15-17).
The dose of IFN-a is similar to that which inhibits murine
tumor cell growth in vivo (15, 18). IL-6, a potential mediator
of the actions of TNF and IL-1 (19-24), also stimulates hepatic
lipogenesis, but with a shorter time course (25).

Studies on the mechanism by which these cytokines stimulate
hepatic fatty acid synthesis and the interactions between these
cytokines led us to propose that there are 2 classes of cytokines
that stimulate hepatic lipogenesis (26). TNF, IL-1, and IL-6
increase hepatic fatty acid synthesis by increasing hepatic levels
of citrate, an allosteric activator of acetyl CoA carboxylase (the
rate-limiting enzyme for fatty acid synthesis); in contrast, IFN-
a has no effect on hepatic citrate levels (25-27). When a low
dose of IFN-a is combined with a low dose of either TNF or
IL-1, striking synergy is seen in the ability of the combination
to stimulate hepatic lipogenesis; in contrast, there is no synergy
between low doses of TNF and IL-1 (26). When a high dose of
IFN-« is combined with maximal doses of TNF or IL-1, an
additive effect is seen on hepatic lipogenesis; in contrast, max-
imal doses of TNF and IL-1 are not additive (26). Thus, we
have tentatively divided cytokines into 2 classes; class 1 cyto-
kines (TNF, IL-1, and IL-6) increase hepatic fatty acid synthesis
by increasing hepatic citrate levels, whereas class 2 cytokines
(IFN-a) increase hepatic fatty acid synthesis by an as yet un-
known mechanism (25, 26).

IL-4 (also called BSF-1) was first described as a costimulant
for the proliferation of B-cells (28). Under appropriate condi-
tions, IL-4 can also stimulate the growth of T-cells and act as
a costimulant for mast cells (reviewed in Refs 29 and 30). In
addition, IL-4 influences function of B-lymphocytes and mul-
tiple other hematopoietic cells. IL-4 can inhibit production of
TNF, IL-1, and prostaglandin E, by activated macrophages (31,
32). Recent data indicate that IL-4 can block certain actions of
some cytokines. IL-4 prevents activation of natural killer cells
and proliferation of B-cells induced by IL-2 (33-37). In addi-
tion, IL-4 decreases TNF-induced synthesis of complement
factor B in fibroblasts (38).

In this paper, we demonstrate that IL-4 can block a metabolic
effect of TNF, IL-1, and IL-6—the ability to stimulate hepatic
lipogenesis. However, IL-4 has no effect on the ability of IFN-
a to stimulate hepatic lipogenesis. These data support our
conclusion that lipogenic cytokines have 2 distinct mechanisms
of action in stimulating hepatic lipogenesis and can therefore
be divided into 2 classes.
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MATERIALS AND METHODS

Materials. *H,O (1 Ci/g) was purchased from ICN Radiochemicals,
Irvine, CA, '*C-labeled oleic acid (40-60 mCi/mmol) was from New
England Nuclear, Boston, MA, and Ready Safe Scintillation fluid was
from Beckman, Fullerton, CA. Human TNF-« with a specific activity
of 5 X 107 units/mg was provided by Genentech, Inc., South San
Francisco, CA. Recombinant human IL-13 (AA112-269) with a specific
activity of 5 x 107 units/mg was produced as described previously (16).
Recombinant human IFN-a A/D with a specific activity of 7.9 x 107
units/mg was provided by Drs. M. Brunda and P. Sorter of Hoffman-
LaRoche Inc., Nutley, NJ. IL-6 (39), with a specific activity of 1.7 X
108 units/mg, was purified from the media of transformed yeast cells.*
Recombinant murine IL-4, with a specific activity of >10® units/mg
protein in the standard anti-immunoglobulin co-mitogenesis genesis
assay (40), was provided by Dr. S. Gillis of Immunex, Seattle, WA.

Animals. Male mice (C57BL/6J) were purchased from Bantim King-
man, Freemont, CA. Animals were fed Purina Mouse Chow and water
ad libitum. On the morning of the study, groups of animals were given
i.m. injections of cytokine or normal saline as controls. TNF and IL-6
were administered in 0.9% saline, whereas IL-1, IL-4, and IFN-a were
in a 0.9% saline/0.1% serum human albumin solution. There was no
effect of 0.1% human serum albumin on hepatic lipogenesis in previous
experiments (15).

Studies using multiple cytokines presented here and previously (15,
25, 26) have been performed with mice because this allows for the use
of small quantities of cytokines. Human IFN-a A/D has been shown
to be active in mouse tissues in a manner similar to that of mouse IFN-
a (41, 42).

Measurement of Lipogenesis. Hepatic lipogenesis was measured us-
ing a technique that has been previously described in detail (15, 43,
44). In brief, mice were given i.p. injections of tritiated water (20 mCi)
at the time after cytokine administration indicated in the text. One h
later, the animals were anesthetized, blood was obtained, and livers
were removed and weighed. Hepatic lipids were then saponified in a
KOH/ethyl alcohol solution (15, 43, 44). After addition of labeled
internal standards, cholesterol was extracted with petroleum ether. The
remaining mixture was acidified followed by extraction of fatty acids.
Synthesis of lipid was assessed by liquid scintillation counting (15, 43,
44).

Hepatic Citrate Levels. Citrate levels were measured in situ as de-
scribed previously (27). In brief, a lobe of liver was frozen in situ using
a Wollenberger clamp cooled in liquid N,. Citrate was then extracted
in 8% HCIO, in 40% ethyl alcohol. After centrifugation, the superna-
tant was neutralized. Citrate was measured by an enzymatic assay (27).

Statistics. Data are presented as mean + SEM. Significance for
multiple comparisons was calculated using analysis of variance.

RESULTS

Effect of IL-4 on TNF-stimulated Hepatic Lipogenesis. As
seen previously, TNF (500 ng/20 g mouse) stimulates hepatic
lipogenesis by approximately 2-fold between 1 and 2 h after
administration (Fig. 1). In contrast, IL-4 (100 ng) has no effect
on hepatic lipogenesis (Fig. 1). Doses of IL-4 as high as 1 ug
have no effect on hepatic lipogenesis when measured 1-2 h
after administration. However, simultaneous administration of
IL-4 (100 ng) prevents the ability of TNF (500 ng) to stimulate
hepatic lipogenesis (Fig. 1).

The dose-response curve for IL-4 inhibition is presented in
Fig. 2. A dose-dependent inhibition of TNF action is seen, with
an EDs, value of 42 ng/mouse. Maximal inhibition was pro-
duced with 100 ng of IL-4 per mouse. In multiple experiments,
at maximal suppression, IL-4 decreased TNF-stimulated he-
patic lipogenesis by 86 + 11%.

*Y. Guisez et al., manuscript in preparation.
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Fig. 1. IL-4 suppresses TNF-stimulated hepatic lipogenesis. Animals were
given injections of saline, TNF (500 ng), IL-4 (100 ng), or a combination of TNF
(500 ng) and IL-4 (100 ng). Sixty min later, animals were given injections of 20
mCi *H,0. After an additional 60 min, hepatic lipogenesis was measured by
incorporation of *H,O into fatty acid as described in “Materials and Methods.”
Values are mean + SE (bars). n = 10 for all groups. * P < 0.002 compared with
control or TNF + IL-4, P < 0.01 compared with IL-4.

3.0

2.5¢

20}

Fold Stimulation
@

035}

o‘o A A A A A
o 20 40 60 80 100

IL-4 (ng)

Fig. 2. Dose-response curve for IL-4 suppression of TNF-stimulated hepatic
lipogenesis. Control animals were given injections of saline, whereas experimental
animals were given injections of 500 ng TNF plus the amount of IL-4 indicated
(abscissa). Hepatic lipog is was ed by incorporation of *H,O into fatty
acids, as described in Fig. 1 and “Materials and Methods.” Data are expressed as
-fold stimulation over control. Values are mean + SE (bars) of 4 experiments.

Mechanism by Which IL-4 Inhibits TNF-stimulated Lipogen-
esis. We have previously shown that TNF stimulates hepatic
lipogenesis by increasing hepatic levels of citrate, the key allo-
steric activator acetyl CoA carboxylase, the rate-limiting en-
zyme for fatty acid synthesis (12, 27). In the experiment shown
in Fig. 3, administration of TNF again led to increases in
hepatic citrate levels. In contrast, IL-4 had no effect on hepatic
citrate. However, the simultaneous administration of IL-4 with
TNF blocked the ability of TNF to increase hepatic citrate
levels (Fig. 3).

Effect of IL-4 on IL-1- and IL-6-stimulated Hepatic Lipogen-
esis. IL-1 is another monokine that stimulates hepatic lipogen-
esis by a mechanism similar to that of TNF (15, 26). As seen
previously, IL-1 also stimulated hepatic lipogenesis 2-fold (Fig.
4). Administration of IL-4 prevented stimulation of hepatic
lipogenesis by IL-1 (Fig. 4).

IL-6 is a potential mediator of TNF and IL-1 action (19-24).

2804

220z isnbny pg uo ysanb Aq ypd €082 1 L0LS040/00EYH2/E082/1 L/1.G/Ppd-aloe/sa1180uUEd/BI0"S[euInolioe.)/:d)y Wwoly papeojumoq



IL-4 INHIBITS CYTOKINE-INDUCED LIPOGENESIS

Hepatic lipogenesis was increased only during the first hour
after IL-6 administration (25) (Fig. 5). When IL-4 was admin-
istered before IL-6, IL-4 blocked the ability of IL-6 to stimulate
hepatic lipogenesis (Fig. 5).

Effect of IL-4 on IFN-a-stimulated Hepatic Lipogenesis. As
seen previously, IFN-«a stimulated hepatic lipogenesis by 2.5-
fold (Fig. 6). However, when IL-4 was administered simulta-
neously with IFN-a, in a protocol identical to that which
inhibited TNF and IL-1, IL-4 was unable to block the ability of
IFN-« to stimulate hepatic lipogenesis (Fig. 6).

DISCUSSION

The ability to stimulate hepatic lipogenesis is shared by
multiple cytokines that are involved in the immune and inflam-
matory responses (6, 7, 15, 25). We have previously proposed
that cytokines can be divided into 2 classes by their mechanisms
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Fig. 3. IL-4 suppression of TNF induced increases in hepatic citrate levels.
Animals were given injections of saline, TNF (500 ng), IL-4 (100 ng), or a
combination of TNF (500 ng) and IL-4 (100 ng). Ninety min later, livers were
frozen in situ and extracted for measurement of citrate as described in “Materials
and Methods.” n = 5 for each group. Values are mean + SE (bars). * P < 0.02
compared with control.
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Fig. 4. IL-4 suppresses IL-1-stimulated hepatic lipogenesis. Animals were
given injections of saline for controls, IL-1 (40 ng), IL-4 (100 ng), or the
combination of IL-1 (40 ng) and IL-4 (100 ng), and hepatic lipogenesis was
measured as in Fig. 1. n = 10 for all groups except for control, where n = 9.
Values are mean + SE (bars). * P < 0.001 compared with all of the groups.
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Fig. 5. IL-4 suppresses 1L-6-stimulated hepatic lipogenesis. Animals were
given injections of IL-4 (100 ng) or saline as indicated. Thirty min later, animals
were given injections of IL-6 (1 ug) or saline as indicated followed immediately
by 20 mCi of *H,0. After an additional 60 min, hepatic lipogenesis was measured
as described in “Materials and Methods.” n = 5 for each group. * P < 0.05
compared with control.
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Fig. 6. IL-4 has no effect on IFN-a-stimulated hepatic lipogenesis. Animals
were given injections of saline as control, IFN-a (100 ng), IL-4 (100 ng), or a
combination of IFN-a (100 ug) and IL-4 (100 ng). Hepatic lipogenesis was
measured as in Fig. 1. n = 5 for each group. Values are mean + SE (bars). * P <
0.002 compared with control. ** P < 0.02 compared with control.

of action and by their synergistic interactions (26). Class 1
cytokines include TNF, IL-1, and IL-6, which increase hepatic
lipogenesis by increasing hepatic levels of citrate, an allosteric
activator of acetyl CoA carboxylase, the rate-limiting enzyme
of fatty acid synthesis. Class 2 cytokines include at this time
only IFN-a, whose mechanism of action is as yet unknown.
There is synergy or additivity when class 1 and class 2 cytokines
are combined. However, there is no synergy or additivity be-
tween class 1 cytokines (26).

The data presented here indicate that IL-4 is another cytokine
that is capable of modulating hepatic lipogenesis. However, IL-
4 has no intrinsic activity at stimulating (or inhibiting) hepatic
lipogenesis under basal conditions. Rather, administration of
IL-4 prevented class 1 cytokines (TNF, IL-1, or IL-6) from
stimulating hepatic lipogenesis. In contrast, IL-4 had no effect
on the ability of IFN-q, a class 2 cytokine, to stimulate hepatic
lipogenesis. The ability of IL-4 to inhibit cytokine expression
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